Introduction
============

Influenza viruses contain eight single-stranded, negative-sense RNA segments, and are members of the family *Orthomyxoviridae*. Influenza viruses are classified as type A, B, or C \[[@B1]\]; among these three types, types A and B cause annual influenza epidemics in humans. Based on the hemagglutinin (HA) subtype, influenza A viruses are further divided into two phylogenetic groups: group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) and group 2 (H3, H4, H7, H10, H14, and H15) ([Fig. 1](#F1){ref-type="fig"}). Influenza B viruses are divided into two antigenically distinct lineages: Victoria lineage and Yamagata lineage \[[@B2]\].

Since the discovery of human influenza type A virus in 1933 \[[@B3]\] and type B in 1940 \[[@B4]\], influenza viruses have been considered major causative pathogens of medically attended acute febrile respiratory illnesses in humans. Antigenic variation is a unique feature of influenza viruses, and is responsible for influenza being an ongoing public health concern. Antigenic variations occur primarily in the HA and neuraminidase (NA) genes. There are two types of antigenic variation: antigenic drift and antigenic shift.

Antigenic drift is a process of ongoing evolution of influenza viruses. It results from the accumulation of point mutations in the HA and NA genes, and occurs in both influenza A and B viruses \[[@B5]\]. Antigenic drift is responsible for the emergence of new viral strains causing seasonal influenza epidemics.

Antigenic shift is a less frequent but more substantial type of antigenic variation. It is defined as the emergence of a novel influenza virus including a new HA or both a new HA and a new NA that are immunologically distinct from those of the strains circulating in the human population in previous years \[[@B5]\]. Antigenic shift occurs through genetic reassortment between influenza A viruses from different host species. Antigenically novel viruses have the potential to cause pandemics because they may have intrinsic pathogenicity in humans and the population is usually immunologically naïve to its new surface antigens. Pandemic influenza could occur when a large population is immunologically susceptible to the novel virus, and the virus can easily and efficiently transmit among human.

During the last 100 years, there have been four influenza pandemics in 1918, 1957, 1968, and 2009 ([Table 1](#T1){ref-type="table"}). The 1918-1919 pandemic was the most severe, with mortality estimated to exceed 50 million people worldwide \[[@B9]\]. The number of A (H1N1)pdm09 respiratory deaths that occurred globally during the 2009 pandemic influenza was estimated to be between 123,000 and 203,000 in a recent modeling study \[[@B10]\].

In the northern hemisphere, annual influenza epidemics typically occur during the autumn and winter months. The global attack rate is estimated to be 5-10% in adults and 20-30% in children \[[@B11]\]. Most seasonal influenza cases are mild and self-limiting. Infection rate is highest among children \[[@B12]\]. However, complications and hospitalizations are more frequent among individuals aged ≥ 65 years, children aged \< 2 years, and those with underlying medical conditions that confer higher risk for influenza-related complications \[[@B13]\]. In the latter group, influenza may cause aggravation of underlying comorbidities and death. Vaccination is the primary strategy used to prevent and control influenza.

Current influenza vaccines
==========================

In general, seasonal influenza vaccines are trivalent. Trivalent influenza vaccine (TIV) has been used since its introduction in 1978 \[[@B14]\]. In 2011, 620 million doses of seasonal TIV were produced globally \[[@B15]\]. TIV contains a mixture of three influenza viruses: one influenza A(H1N1) virus, one influenza A(H3N2) virus, and one influenza B virus. Each year, the World Health Organization (WHO) recommends the composition of influenza vaccines, based on the results of global influenza surveillance and the prediction of the strains most likely to circulate in the forthcoming influenza season ([Fig. 2](#F2){ref-type="fig"}). The currently available influenza vaccines are the inactivated influenza vaccine (IIV) and live-attenuated influenza vaccine (LAIV).

1. Inactivated influenza vaccine
--------------------------------

There are three types of IIV: whole virus vaccines, split virus vaccines, and subunit vaccines. IIVs are typically split virus or subunit vaccines, and are produced from highly purified, egg-grown influenza viruses. The efficacies of influenza vaccines depend on various factors, primarily the age and underlying comorbidities of vaccinees and the degree of antigenic match between the vaccine and circulating influenza virus strains. The efficacy of IIV for the prevention of influenza is 66-86% in non-elderly adults when the circulating influenza virus strain matches the vaccine strain \[[@B19]-[@B22]\]. A meta-analysis performed in 2011 found that IIV efficacy against laboratory-confirmed influenza was 70% (95% confidence interval \[CI\], 55-80%) in adults when circulating influenza viruses and vaccine strains were matched \[[@B20]\]. In South Korea, the effectiveness of the influenza vaccine for the prevention of laboratory-confirmed influenza was 46.5-50.8% in individuals aged 19-49 years and 58.7-63.3% among those aged 50-64 years during the 2010-2011 influenza season \[[@B23]\].

The low effectiveness of influenza vaccine in the elderly is well described; the vaccine effectiveness against influenza-like illness was reported as 39% (95% CI, 35-43%), and the mean vaccine effectiveness against laboratory-confirmed diseases calculated from a meta-analysis was 49% (95% CI, 33-62%) \[[@B24]\]. However, receipt of influenza vaccine was associated with a reduction in the rate of hospitalization by 30-40% in elderly individuals \[[@B19], [@B25], [@B26]\]. The greatest benefit from influenza vaccination in older adults is a reduction in all-cause mortality. Vu et al. found that influenza vaccine effectiveness against all-cause mortality among community-dwelling elderly persons was 50% (95% CI, 45-56%) \[[@B25]\].

Vaccine effectiveness can be affected by antigen mismatch. Vaccine mismatch can result in significant consumption of medical resources and socioeconomic burden. In the 1997-1998 influenza season, a poor match between vaccine antigen (A/Wuhan/359/59 (H3N2)) and circulating influenza virus (A/Sydney/05/97) was observed \[[@B27]\]. The influenza vaccine was associated with a 35-39% prevention in all-cause mortality in the 1997-1998 season, whereas the reduction was 60-61% in the 1996-1997 season (when the match was good) \[[@B28]\]. Although it is clear that antigenic drift can lead to reduced vaccine effectiveness, not all strains that have undergone antigenic drift elude vaccine-induced immunity in the population \[[@B27]\].

2. Live attenuated influenza vaccines
-------------------------------------

The LAIV is administered via the intranasal route, and the LAIV strains replicate in the epithelial cells of the nasopharynx. LAIV induce strain-specific IgA production, and these IgA responses are associated with protection against influenza illness \[[@B29]\]. LAIV was first licensed for use in the US in 2003 \[[@B30]\]. LAIV showed superior efficacy to non-adjuvanted TIV in children (aged 6 months to 18 years) \[[@B31]\]. In children aged 15-71 months, the efficacy of LAIV was 89-93% against culture-confirmed influenza, and the vaccinees had 16-33% fewer episodes of febrile otitis media \[[@B32]-[@B34]\].

However, in persons aged 17-49 years, LAIV is less efficacious. Comparative studies have proven that the efficacy of LAIV is similar or inferior to that of TIV \[[@B31]\]. The decreased efficacy of LAIV in adults could be due to past exposure to similar influenza viruses. Acquired, cross-reactive immunity limits replication of the attenuated virus administered via the intranasal route in some adults \[[@B35]\].

LAIV was approved for use in healthy non-pregnant individuals aged 2-49 years. LAIV is not indicated in young children who are under 2 years of age because of the risk of wheezing \[[@B36]\]. Safety data on LAIV for individuals with underlying comorbidities that confer higher risk for influenza complications are limited.

Current influenza vaccines have shown moderate efficacy, good safety, and acceptable tolerability. However, IIVs do not meet all medical needs ([Table 2](#T2){ref-type="table"}). LAIV is available only for healthy individuals aged 2-49 years. There is a clear need for egg-free, rapidly produced, safe, efficacious, and broadly protective influenza vaccines.

Recently introduced influenza vaccines
======================================

Several strategies for the development of better influenza vaccines have been introduced recently. The goals of these strategies are to enhance vaccine immunogenicity, broaden vaccine-induced immunity, establish alternative methods for the rapid production of vaccines, and improve acceptability and delivery of influenza vaccines. New and recently approved influenza vaccines are described below.

1. Adjuvanted vaccines
----------------------

The essential role of adjuvants is dose sparing, enabling a rapid and broad immune response and expansion of the antibody response \[[@B37]\]. Using an adjuvant is one of the best methods of enhancing the performance of TIV, especially for older adults.

The first generation of adjuvanted influenza vaccines was introduced in the 1950s, and formulations included the emulsification of antigens with mineral oil \[[@B38], [@B39]\]. These vaccines induced greater and more sustained antibody responses and enabled antigen sparing \[[@B40]-[@B42]\]. However, mineral oil adjuvanted vaccines also induced unwanted local reactions such as cysts and sterile abscesses \[[@B43]\].

Aluminum salts have been widely used as adjuvants \[[@B44]\]. It is thought that the mode of action of aluminum salts is through the increased attraction and uptake of antigen presenting cells and activation of the inflammasome complex with increased efficiency of the innate immunity \[[@B45]\]. Aluminum salts induce a profound Th2 response \[[@B46]\]. However, they are less effective in evoking Th1 cell-mediated immunity.

TIV containing oil-in-water emulsion was first licensed in Europe in 1997. MF59 is a microfluidized, oil-in-water emulsion containing squalene. The oil is stabilized by adding a water-soluble surfactant (polysorbate 80, Tween 80) and an oil-soluble surfactant (sorbitan trioleate, Span 85) \[[@B47]\]. MF59 stimulates an influx of inflammatory cells and establishes a localized immunostimulatory environment \[[@B48]\]. Proliferation of antigen presenting cells and helper T cells increases the B cell response and enhances antibody production \[[@B48]\].

Fluad® (Novartis, Basel, Switzerland) is a seasonal MF59-adjuvanted IIV (aIIV) indicated for adults aged ≥ 65 years. The immunogenicity of MF59-aIIV has been evaluated in several studies. A meta-analysis has shown that elderly subjects with chronic diseases who received MF59-aIIV (compared with those who received IIV alone) had geometric mean hemagglutination inhibition titer (GMT) ratios of \> 1.0 against the H3N2 antigen, suggesting that MF59-aIIV possessed enhanced immunogenicity \[[@B49]\]. Other studies have shown that MF59-aIIV can induce greater immune responses than conventional TIV in older adults, although immune responses vary according to strain and influenza season \[[@B50], [@B51]\]. MF59-aIIV can confer cross-protection against heterovariant strains in the elderly \[[@B52]-[@B54]\]. MF59-aIIVs have also shown superior vaccine effectiveness against laboratory confirmed influenza in the elderly, and have led to 25% reductions in the risk of hospitalization for influenza or pneumonia compared with nonadjuvanted IIVs \[[@B55], [@B56]\]. During the 7 days post-immunization, rates of local reactions were higher in MF59-aIIV recipients than in non-adjuvanted IIV recipients; however, these local reactions were mostly mild \[[@B51]\]. In South Korea, Fluad® (Novartis) was introduced in 2009 and has been used in persons 65 years of age and older. It has shown superior long-term immunogenicity in older adults compared with non-adjuvanted IIV \[[@B57]\].

Another oil-in-water emulsion, AS03, contains α-tocopherol, squalene and polysorbate 80 \[[@B45]\]. In a phase 3 randomized trial comparing AS03-aIIV with non-adjuvanted IIV in elderly individuals, a significant increase in efficacy was observed for AS03-aIIV against influenza A/H3N2 (relative efficacy 22.0%, 95% CI, 5.68-35.49%) \[[@B58]\]. Reductions in rates of all-cause death and pneumonia were also found with AS03-aIIV \[[@B58]\].

2. Intradermal influenza vaccines
---------------------------------

Skin is an attractive target for influenza vaccine delivery. The epidermis and dermis contain abundant antigen presenting cells, Langerhans cells, and dermal dendritic cells \[[@B59]\]. Intradermal (ID) immunization triggers antigen migration through lymphatic ducts and consequent stimulation of resident dendritic cells. Activation and migration of dermal dendritic cells lead to potent T cell activation \[[@B60]\].

The major objectives of the introduction of ID vaccines are dose sparing and improvement of immune response. ID influenza vaccines induce similar immune responses, at lower antigen doses, in healthy adults and patients with comorbidities \[[@B61]-[@B64]\]. In the elderly, ID influenza vaccines showed improved immunogenicity compared with conventional IIV at full antigen doses \[[@B65]\]. Studies of the tolerability and safety of ID influenza vaccines have shown the incidence of systemic events to be comparable in ID influenza vaccine recipients and conventional IIV recipients, whereas local reactions were frequently observed in ID influenza vaccinees \[[@B65]-[@B67]\]. Most of these local reactions were transient.

The first available ID influenza vaccine, Intanza® (Sanofi Pasteur, Lyon, France), also known as IDflu® (Sanofi Pasteur), was licensed in 2009 as a seasonal influenza vaccine in Europe (9 µg HA per strain for adults aged 18-59 years; 15 µg HA per strain for adults aged ≥ 60 years) \[[@B68], [@B69]\]. Fluzone® Intradermal (Sanofi Pasteur) containing 9 µg HA per strain was licensed in the US for use in adults aged 18-64 years in 2011 \[[@B70]\]. In South Korea, IDflu® 15 µg (Sanofi Pasteur) and IDflu® 9 µg (Sanofi Pasteur) were approved in 2010 for use in persons aged ≥ 60 years and 18-59 years, respectively.

3. High-dose HA vaccines
------------------------

High-dose (HD) influenza vaccine contains 60 µg of HA for each influenza strain, whereas the standard dose (SD) influenza vaccine contains 15 µg of HA for each strain. Several studies have documented that HD vaccine is more immunogenic than SD influenza vaccine in the elderly \[[@B71]\]. A randomized, controlled, double-blind phase 3 trial showed that HD influenza vaccine evoked a significantly stronger antibody response than SD vaccine \[[@B71]\]. The enhanced immunogenicity induced by HD vaccine was documented in persons aged ≥ 70 years and patients with cardiopulmonary disease. In a recently published randomized, controlled, phase 2 trial comparing the immunogenicity and safety of HD and ID vaccines, the HD vaccine was more immunogenic than the ID vaccine in individuals aged ≥ 65 years \[[@B72]\]. In HIV-infected persons older than 18 years, those vaccinated with HD vaccine had higher levels of seroprotection against H1N1 and influenza B than those vaccinated with the SD influenza vaccine \[[@B73]\]. Local reactions developed more frequently in recipients of the HD vaccine than in those of the SD vaccine \[[@B74]\]. However, HD vaccine was well-tolerated in the elderly \[[@B72], [@B75]\].

The US Food and Drug Administration (FDA) approved Fluzone® (Sanofi Pasteur) High Dose (Sanofi Pasteur) in 2009 for the prevention of influenza in persons aged ≥ 65 years \[[@B74]\]. HD influenza vaccine has not been approved for use in South Korea.

4. Cell-culture influenza vaccines
----------------------------------

Cell-culture technologies provide a number of advantages over egg-based methods for manufacturing influenza vaccines. Cell-culture influenza vaccine (CCIV) overcomes the dependency on chicken egg supply and the risk of egg contamination that exists in the manufacture of egg-based vaccines. Manufacture of CCIV is faster and can be more easily scaled up than the manufacture of egg-based vaccines. In addition, the initial purity of the vaccine is higher with CCIV. The introduction of CCIV would substantially contribute to an improvement in global stockpiles of pandemic influenza vaccines.

Several cell lines have been developed for influenza vaccine manufacture \[[@B76]\]. Currently, Madin Darvy Canine Kidney (MDCK) and Vero cells have been licensed for the production of influenza vaccine. In 2001, Solvay Pharmaceuticals Inc. received a license for Influvac® TC (Solvay Pharmaceuticals Inc. Brussels, Belgium), an influenza vaccine produced in MDCK cells, in The Netherlands. However, Influvac® TC (Solvay Pharmaceuticals Inc.) was not commercially distributed. In June 2007, Optaflu® (Novartis), a trivalent subunit MDCK CCIV was approved in Europe \[[@B77]\]. In the US, Flucelvax® (Novartis), a trivalent subunit IIV containing viruses propagated in MDCK cells, was approved in 2012 \[[@B13]\]. Optaflu® (Novartis) and Flucelvax® (Novartis) were approved for individuals from the age of 18 years. Celtura® (Novartis) is a monovalent, cell culture-derived, inactivated subunit vaccine containing A(H1N1)pdm09 virus with the adjuvant MF59 \[[@B78]\]. Celtura® (Novartis) has been licensed in Europe. Celvapan® (Baxter, Deerfield, IL) is a whole-virion, Vero cell-derived, inactivated pandemic influenza vaccine containing A(H1N1)pdm09 virus and was approved for persons aged ≥ 6 months in Europe. Preflucel® (Baxter) is a Vero cell-derived, split, inactivated vaccine. A double-blind, placebo-controlled, phase 3 trial of Vero cell-culture-derived influenza vaccine was performed in healthy adults (age 18-49 years) in the US \[[@B79], [@B80]\]. A PER.C6 cell-derived influenza vaccine is now in development. Studies have reported that CCIV has immunogenicity and safety comparable to those of egg-based influenza vaccines \[[@B78], [@B79], [@B81], [@B82]\].

5. Quadrivalent influenza vaccines
----------------------------------

Two antigenically distinct lineages of influenza B viruses, Yamagata lineage and Victoria lineage, have co-circulated since the late 1980s \[[@B83]\]. There is little or no cross-protection between these two influenza B lineages. Current TIVs contain only one influenza B virus antigen, representing one lineage. This leads to reduced influenza vaccine effectiveness especially when the predominant circulating influenza B virus does not match the vaccine strain. The dominant circulating influenza B lineage was different from the vaccine strain in 5 of the 10 influenza seasons in the US from 2001 to 2011 \[[@B84]\]. In Europe from 2003 to 2011, the predominant circulating lineage differed from the vaccine strain in 4 of 8 seasons, and the mismatch rate of influenza B samples was estimated to be 58% \[[@B84]\].

The primary advantage of quadrivalent influenza vaccine (QIV) is that it provides cover for the risk that the selected influenza B vaccine lineage does not match the circulating lineage. The WHO recommended the inclusion of a second influenza B vaccine strain in QIVs for the 2013-2014 season \[[@B16]\]. Studies have demonstrated that QIV provides non-inferior immunogenicity against three influenza vaccine strains compared with TIV \[[@B85]-[@B87]\]. QIV contributes to additional immune response against the added alternative influenza B lineage. The safety and reactogenicity of QIV have been shown to be generally consistent with those of TIV \[[@B85], [@B86]\].

Since 2012, four new QIVs have been approved for use by the FDA ([Table 3](#T3){ref-type="table"}) \[[@B13]\]. QIV has not been introduced for use in South Korea.

6. Recombinant hemagglutinin influenza vaccines
-----------------------------------------------

A trivalent recombinant HA influenza vaccine, FluBlok® (Protein Sciences, Meriden, CT), was approved for individuals 18 through 49 years of age in 2013 \[[@B88]\]. For recombinant vaccines, the gene encoding the HA protein is cloned into baculovirus vectors \[[@B89]\]. HA proteins are expressed in the insect cell line infected with these vectors; there is no need to use eggs or live influenza viruses in this process.

FluBlok® (Protein Science) contains 45 µg of each of the three HA proteins, giving a total of 135 µg of HA \[[@B90]\]. In a randomized, placebo-controlled trial, the overall protective efficacy of FluBlok® (Protein Science) without regard to strains match against culture-confirmed influenza was 44.6% (95% CI, 18.8-62.6%) in healthy adults aged 18-49 years \[[@B91]\]. FluBlok® (Protein Science) recipients more frequently experienced local injection site pain and muscle aches than placebo recipients; however, reported pain was rated as mild for 94% of events \[[@B91]\].

Steps toward development of novel influenza vaccines
====================================================

A number of approaches are being investigated to develop advanced influenza vaccines ([Fig. 3](#F3){ref-type="fig"}). The virus-like particle influenza vaccine contains HA, NA, and influenza matrix 1 (M1) protein. In this process, recombinant viral vectors that express HA, NA, and M1 protein are used to infect cells \[[@B89]\]. The expressed influenza proteins spontaneously form particles which are similar in structure to wild-type viruses. Replication of the recombinant viral vectors does not depend on the function of the expressed HA or NA \[[@B92]\].

Viral-vectored influenza vaccines use other viruses to deliver influenza HA proteins to the immune system. Influenza HA genes are cloned into vector viruses such as adenovirus, vaccinia virus, Newcastle disease virus, or baculovirus, to express HA protein \[[@B89]\]. Some recombinant systems may allow for faster and greater vaccine production than conventional methods \[[@B92]\]. However, concerns that preexisting immunity against viral vectors may interfere with vaccine efficacy need to be overcome.

DNA-based influenza vaccines are made by placing HA gene into a plasmid. Intramuscular injection of DNA-based vaccines induces transfection of host cells and consequent expression of the antigen in the host. DNA-based vaccines are stable and can be rapidly produced. Reports have indicated favorable performance of the DNA-based vaccines in animal models \[[@B93], [@B94]\]. However, their poor immunogenicity in humans suggests the need for further investigation and more clinical trials \[[@B95]\].

A universal vaccine is ideal for providing broad-spectrum immunity against multiple influenza viral strains. Several conserved regions of the influenza virus have been investigated as candidates for a universal vaccine. The highly conserved ectodomain of the M2 protein of influenza A viruses and a stalk domain of HA have been explored \[[@B96]\]. T cell epitope-based vaccines using nucleoprotein and M1 protein have also been tested \[[@B97]\]. A T cell vaccine containing multiple T cell epitopes against influenza proteins has also been studied \[[@B98]\].

Conclusion
==========

Current egg-derived influenza vaccines are effective and safe in the prevention and control of influenza. However, we need to improve upon IIVs in terms of strength and longevity of immunogenicity, range of cross-protection, and the time and process required for manufacture. It is evident that the currently available influenza vaccines are not optimal, especially in older adults.

Recently, new influenza vaccines including adjuvanted vaccines, CCIVs, and QIVs have been introduced, providing options for solving the remaining clinical challenges. Novel platforms for viral growth, such as cell-culture systems, may resolve the problems related to the pandemic influenza vaccine production in terms of response time, capacity, and efficiency. Research and development of future influenza vaccines with novel technologies will lead to the production of universal influenza vaccines with broad, potent, and persistent protective immunogenicity.

![**Phylogenetic tree of hemagglutinin (HA) of influenza A and B viruses.** Phylogeny was generated based on amino acid sequences of HA of influenza A (H1-H18) and B viruses. Representative viruses were chosen in GenBank and sequence alignment was performed using Clustal W. MEGA 5 software was used to construct the phylogenetic tree.](ic-45-375-g001){#F1}

![WHO recommendations on the composition of influenza vaccines from 1978-1979 to 2013-2014 for the northern hemisphere \[[@B16]-[@B18]\].\
For influenza B viruses, orange-colored bars indicate B/Yamagata lineage viruses, blue-colored bars B/Victoria lineage viruses, and gray-colored bars influenza B viruses with unknown lineage.\
^a^A(H3N2) virus antigenically similar to the cell-propagated prototype virus A/Victoria/361/2011. ^b^For the quadrivalent influenza vaccines containing two influenza B viruses.](ic-45-375-g002){#F2}

![Novel approaches to the development of new influenza vaccines. Brief diagrams for the process to produce virus-like particle influenza vaccines (A), viral-vectored influenza vaccines (B), and DNA-based influenza vaccines (C) are presented.\
HA, Hemagglutinin; NA, neuraminidase; M1, matrix 1 protein.](ic-45-375-g003){#F3}

###### 

Pandemic influenza during the last 100 years and its characteristics \[[@B6]-[@B8]\]
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CFR, case fatality rate; GDP, gross domestic product.

###### 

Unmet needs associated with current inactivated influenza vaccines
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###### 

Quadrivalent influenza vaccines recently approved by the US Food and Drug Administration \[[@B13]\]
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LAIV, live attenuated influenza vaccine; FFU, fluorescent focus unit; IIV, inactivated influenza vaccine; HA, hemagglutinin.
